Fluorescently labelled contractile proteins (alpha-actinin and filamin) were used to study the dynamic nature of three types of microfilament bundles: myofibrils, stress fibres and polygonal networks. Cultured muscle and non-muscle cells that were microinjected with fluorescent alphaactinin rapidly incorporated the labelled protein into Z-bands, stress fibre densities and the polyg onal foci. Living, injected cells were then observed for varying periods of time, and changes in orientation and periodicity of the myofibrils, stress fibres and polygonal networks were recorded. Permeabilized cells were also reacted with fluorescently labelled proteins and with contractile protein antibodies in order to analyse further the changes taking place in the myofibrils and stress fibres. In both living cardiac myocytes and living skeletal muscle myotubes, contractile myofibrils were present in the same cell with non-contractile nascent myofibrils. The periodicities of small Z-bodies in the nascent non-contractile myofibrils were shorter than the Z-band spacings in the contractile myofibrils, yet both types of myofibrils contained muscle myosin. Over a period of 24 h, a nascent myofibril in a living, microinjected myotube was observed to grow from Z-body spacings of 0-9-1 -3 ,um to full sarcomere spacings (2-3 Mm). During the same time, nascent myofibrils appeared de novo and Z-band alignment became more ordered in the fully formed myofibrils. Stress fibres were not observed to undergo the predictable type of growth seen in myofibrils, but stress fibre periodicities did change in some fibres; some shortened while others lengthened. The orientation of fibres shifted in cytoplasm of both mobile cells and stationary cells. Attachment plaques and foci also changed position and in some cases subdivided and/or disappeared. Models of stress fibres and polygonal networks are presented that suggest that the changes in the periodicities of the dense bodies in stress fibres and the distances between polygonal foci are related to the movement of the interdigitating actin and myosin filaments.
INTRODUCTION
Stress fibres, polygonal networks and myofibrils can be considered to be micro filament bundles, composed as they are of aligned arrays of actin microfilaments with associated proteins and interdigitating myosin proteins (Huxley, 1983; Weber & Groeschel-Stewart, 1974; Lazarides & Burridge, 1975; Lazarides, 1976) . Ob servation of the periodic distribution of proteins along stress fibres has led to the suggestion that these fibres have a sarcomeric structure analogous to that of striated
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RESULTS AND DISCUSSION
Cardiac myocytes
When first isolated from embryonic hearts and placed in culture, cardiac myocytes are spherical. After attaching to the substrate the myocyte in Fig. 1 began to flatten by extending lamellipodia that actively ruffled, while at the same time the central rounded part of the myocyte contracted rhythymically. Over a period of 24-48 h, myocytes typically elongate and flatten as depicted by the cell in Fig. 2 , which was transformed during 21 h in culture into the myocyte in Fig. 3 . Although some myofibrils are visible in the flattened myocyte ( Fig. 3) , it is not possible to see myofibrils in rounder cells (Figs 1, 2) , nor are myofibrils visible near the ruffling margins of the flattened myocyte (Fig. 3) . In order to visualize all the myofibrils present in spreading cardiac myocytes, we have used fluorescently labelled alphaactinin as a probe either injected into living cells or reacted with permeabilized cells. Alpha-actinin, a Z-band protein (Masaki et al. 1967) , is an actin-binding protein (Goll et al. 1972; Podlubnaya et al. 1975) , which can also bind to other alpha-actinin molecules (Masaki & Takaita, 1969) . Previous studies have shown that fluorescent alpha-actinin binds to Z-bands and stress fibre densities in both injected and permeabilized cells (Sanger et al. 1984a,b,c; Geiger, 1981) .
Fluorescently labelled alpha-actinin has been used to study the distribution of native alpha-actinin in a variety of systems (Sanger et al. 1984a ,b,c\ Lash et al. 1985 . The fluorescent probe has the potential to reveal the smallest myofibril and enable us to observe the myofibrils in myocytes that are simultaneously contracting, extending lamellipodia and spreading on a substrate. Figs 4 and 5 show per meabilized myocytes comparable to the myocyte in Fig. 2 . Myofibrils with full Z-band spacing (2-0-2-3 jim) are visible in the rounded central region of each cell, but not behind the lamellipodia. The cytoplasm between the ruffling margins of the cell and the region occupied by the fully formed myofibrils contains instead fibrils with punctate distributions of alpha-actinin spaced 0-5-1 -5 fim apart. Myofibrils running along the long axis of the cell have solid Z-bands in the centre (Figs 4, 5) and tail ( Fig. 5 ) of the cell, beaded Z-bands (Figs 4, 5) distal to them and fine beaded fibrils that appear to splay out from the ends of the myofibrils. Similarly, periodic fibrils are also found at the periphery of fully spread myocytes such as are shown permeabilized and stained with alpha-actinin in Fig. 6 .
Cardiac myocytes injected with fluorescent muscle or non-muscle alpha-actinin show comparable distributions of alpha-actinin in living cells (Figs 7, 8) . Before injecting the cells, several technical problems had to be considered. It was of primary importance that fluorescently labelled proteins were prepared that retain their native ability to bind to other proteins, form filaments or retain their enzymic activity, as the case may be; while at the same time they need to emit a fluorescent signal that, when incorporated into cell structures, is bright enough to be detected with low lightlevel video cameras. When such proteins are injected into cells, observation of the fluorescence inside the living cells must be achieved with minimal levels of excitatory light to avoid damage to the cells and, secondarily, to limit bleaching of the 20 jf. M. Sanger, B. Mittal, M. Pochapin a n d j. W. Sanger Figs 1-3. The cardiac myocytes were viewed with a Newvicon video camera on the second and third day in culture. The cell in Fig. 1 , after 21 h in culture, contracted rhythmically and extended two lamellipodia from opposite sides of its rounded body. The myocyte in Fig. 2 was also contracting in the central region of the cell, and had flattened to a greater extent after the same time in culture. Fig. 3 shows the same myocyte as in Fig. 2, 21 h later. The cell has elongated and spread laterally, and myofibrils are visible in the cytoplasm. A stationary reference point on the substrate is indicated in Figs 2 and 3 (arrowheads). A fibroblast has moved onto the lower end of the myocyte in Fig. 3 . Figs 1-3 same magnification. X1250.
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21 Fig. 4 . Spreading cardiac myocyte with three lamellipodia permeabilized and re acted with alpha-actinin-LR shows centrally positioned myofibrils merging with finer fibrils composed of closely spaced beads of alpha-actinin. In some cases, the Z-bands appear to be composed of laterally aligned beads of alpha-actinin (arrows). X1700. Bar, Fig. 5 . A spreading cardiac myocyte permeabilized and reacted with alpha-actinin-LR has fully formed myofibrils that extend from a narrow tail to the bulbous cell body. Behind the ruffling end of the myocyte, fine beaded fibrils run parallel to the long axis of the cell, x 1900. Fig. 6 . A cardiac myocyte grown in culture for 7 days, permeabilized and reacted with alpha-actinin-LR contains parallel arrays of beaded fibrils in the peripheral cytoplasm adjacent to fully formed myofibrils. X1400. Bar, 10 /im. Fig. 7 . Cardiac myocyte injected after 4 days in culture with smooth muscle alphaactinin-LR. Most of the fluorescence is found in Z-barids of contracting myofibrils. A non-contracting region of the cell contains beaded aggregates of alpha-actinin (arrow). X1450. Bar, 10 fxm. jf. M. Sanger, B. Mittal, M. Pochapin andj. W. Sanger fluorescent dye. Before microinjection, we assay our labelled proteins using myo fibrils and permeabilized cells (Sanger et al. 1984a,b) . We minimize exposure of the living cells to light by using a SIT video camera coupled with an image processor that can enhance brightness levels and save consecutive frames of the image into memory where it can be displayed, recorded photographically or on video tape, and further analysed.
Although the resolution we have obtained so far with video recording of the myofibrils and finely periodic fibrils in the living cells is not as good as in the brightly stained permeabilized cells, the living injected cells beat in culture and enabled us to correlate structure with contractile activity. Rhythmic beating in living myocytes such as those illustrated in Figs 7 and 8 occurs only in areas populated with fully formed myofibrils (Z-band spacing -2'3[im) . Areas of cytoplasm with beaded aggregates of alpha-actinin and fibrils with closely spaced beads of alpha-actinin (arrows in Figs 7 and 8) have not been observed beating. In some video sequences, a finely periodic fibril appeared to be ligated to a fully formed myofibril, and when the fully formed sarcomeres contracted, the nascent sarcomeres were pulled. Z-bands in the myofibril could be seen to move closer together during contraction but the spacing of the periodic beads of alpha-actinin along the fibril did not appear to change when the fibril was pulled.
In order to characterize further the non-contractile fibrils, cardiac myocytes were treated with both alpha-actinin and a monoclonal antibody to skeletal muscle myosin. We found that skeletal muscle myosin was present not only in the A-bands of fully formed myofibrils but also between the sites of alpha-actinin in the finely beaded fibrils (Sanger et al. 1986 ). We have suggested that these fibrils are nascent myo fibrils and the beads of alpha-actinin nascent Z-bands (Sanger et al. 1984c (Sanger et al. , 1986 . In a study of cultured chick cardiac cells using phase-contrast and polarized light microscopy, Rumery et al. (1961) reported that unbanded myofibrils that were non-contractile were present in varying numbers in heart muscle cells. The only contractions they observed were in striated myofibrils.
Myotubes
Myotubes cultured from embryonic chick breast muscle also incorporate micro injected alpha-actinin into Z-bands regardless of the source of the alpha-actinin. If two types of alpha-actinin are coinjected into myotubes, they both become incorporated into Z-bands of contracting myofibrils (Fig. 9) . The microinjected skeletal and cardiac muscle cells cannot distinguish between various forms of muscle and non-muscle alpha-actinins. McKenna et al. (1985) reported that microinjected cardiac fibroblasts and myocytes could not distinguish muscle actins from non muscle actins. As is true in cardiac myocytes, both fully formed and finely periodic nascent myofibrils contain skeletal muscle myosin (Sanger et al. 1986 ) and can be found together in adjacent areas of cytoplasm. The nascent myofibrils are found most often at the ends of myotubes and in several such cells we have seen beating of fully formed myofibrils proximal to the myotube end with no contractile activity in the terminal nascent myofibrils. Periodic observations of a single area of an Fig. 8 . A living cardiac myocyte injected after 3 days in culture with non-muscle alphaactinin-LR. The myofibrils shown on the right side of the micrograph actively contracted whereas the fibrils on the left with a closely spread periodic arrangement of alpha-actinin (arrowhead) did not contract. X2000. Fig. 9 . Two views of a myotube coinjected with smooth muscle alpha-actinin-FITC (a) and skeletal muscle alpha-actinin-LR (b). Both proteins are incorporated into the Z-bands with no preference evident in the fluorescence micrographs. X 1500.
Figs 10-13. Area of a myotube injected with alpha-actinin-LR and viewed in reverse contrast to make the fluorescent periodicities easier to detect. Arrows point to regions of myofibrils where growth was detected. Arrowheads indicate fibrils that appeared to form de novo after first time point. X1300. 
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27 injected myotube over 30 h showed that Z-bodies in nascent myofibrils grew apart from periodicities of 0-9-1 -3 fim to sarcomeric spacing of 1 -6-2-3 fim (arrows in Figs 10-13). In addition to growth, de novo appearance of fibrils was also evident (arrowheads, Figs 12-13), as well as an increase in width of the myofibrils. Devlin & Emerson (1978) have reported the coordinate synthesis of actin, myosin, tropo myosin and alpha-actinin during vertebrate myogenesis. The increase in the width of the Z-band during myofibrillogenesis (Figs 10-13) may reflect the important role of alpha-actinin in binding the ends of new actin filaments to the Z-band (Goldstein et al. 1979) . Sanger et al. (1984a) demonstrated that Z-bands in adult myofibrils are not capable of binding additional actin filaments. However, when exogenous alphaactinin was added to these myofibrils, additional actin filaments bound to these Z-bands. These observations suggest that during myogenesis newly attached actin filaments could bind newly synthesized myosin filaments to the growing myofibril.
Observations of myofibril growth have been reported in insect systems by Aronson (1961) and Auber (1969) , who showed that both filaments and sarcomeres grew during myogenesis. Aronson's (1961) study of living mite muscle also demonstrates that the onset of contractile activity occurred only after the thick filaments and sarcomere size grew to the adult length. We believe that a similar growth process occurs in the embryonic chick cardiac and skeletal muscle, but the relatively small sarcomere and A-band size characteristic of vertebrate muscle have made the growth until now difficult to detect.
Stress fibres
In non-muscle cells, microfilament bundles in the form of stress fibres are much more labile than the myofibrils in muscle cells (Sanger & Sanger, 1979; Sanger et al. 19836) . They have a banded appearance in the electron microscope ( Fig. 14) and a periodic distribution of contractile proteins along their length (reviewed by Sanger et al. 1983a Sanger et al. , 1985a . Stress fibres are found not only in tissue culture cells but in cells in situ (Rohlick & Olah, 1967; Byers & Fujiwara, 1982) . Stress fibre periodicity is much shorter than the sarcomeric periodicity in vertebrate striated muscle. The shortest invertebrate muscle sarcomeres are 0-9 fim (Chapman et al. 1962) , the longest 30 fim (Del Castillo et al. 1972) , with all vertebrate sarcomeres measuring approximately 2-3 fim at rest length. Stress fibre periodicities as measured from alpha-actinin banding average approximately 0-8 fim in epithelial cells and 1-7 fim in fibroblast cells with variations within single cells and within a single fibre (Sanger et al. 1983a) . Stress fibres show the same variation in periodicities with myosin antibody (Fig. 15) as is also seen in cells microinjected with alpha-actinin (Fig. 16) . The myosin band itself is wider in the fibres that have the longer spacings as is also the case for tropomyosin localization (Sanger et al. 1983a) .
Our current view of stress fibre structure is presented in Fig. 17 , and is based on a variety of immunofluorescence (Weber & Groeschl-Stewart, 1974; Lazarides, 1976; Gordon, 1978; Sanger et al. 1983 ), electron-microscopic (Begg etal. 1978; Sanger & Sanger, 1980; Langanger et al. 1984 Langanger et al. , 1986 ) and microinjection studies (Kreis et al. 1979; Feramisco, 1979; Wehland & Weber, 1980; Sanger et al. 19846) . The model 28 jf. M. Sanger, B. Mittal, M. Pochapin and y. W. Sanger proposes that actin filaments are anchored in an interdigitating fashion in dense bodies that are composed in part of alpha-actinin. The actin filaments originating from one side of a dense body have uniform polarity (Begg et al. 1978; Sanger & Fig. 14. Electron micrograph of PtK2 cell at low magnification showing periodic densities along the fibres. X6300. Fig. 15 . Indirect immunofluorescence micrograph of a gerbil fibroma cell treated with an antibody to non-muscle myosin. Centre-to-centre spacings are longer in the fibres at the cell periphery than in the smaller fibres in the interior of the cell. Note that the length of the myosin bands is larger (arrowheads) in the longer centre-to-centre spacings and shorter in the smaller centre-to-centre spacings. X1500. Fig. 16 . Fluorescence micrograph of a living gerbil fibroma cell microinjected with alpha-actinin-LR. The variation in periodicity between fibres is evident with the longer spacing in fibres at the margin of the cell (arrowhead). X1500. jf. M. Sanger, B. Mittal, M. Pochapin and J. W. Sanger Sanger, 1980; Langanger et al. 1986 ) with the free ends of the actin filaments overlapping in the region midway between the dense bodies. Tropomyosin presum ably binds to that region of the actin filament that is not bound to alpha-actinin. The absence of tropomyosin in the dense-body regions (Lazarides, 1976; Gordon, 1978; Sanger et al. 1983a ) also gives us an indirect measurement of the maximum length of the tropomyosin-coated thin filaments in the sarcomere unit of the stress fibre. If the thin filaments extended any further than one dense body, the result would be solid tropomyosin staining as tropomyosin-coated microfilaments overlapped the dense body. Therefore, the banded pattern indicates the maximum lengths of the microfilaments, 0-9 ¡u,m for epithelial cells and 1 -1 /¿m in fibroblasts. The variation in tropomyosin band length that we have previously reported (Sanger et al. 1983a ) could be accounted for by a sliding together or apart of the overlapping tropomyosincoated actin filaments. The actin would appear to be continuous along the length of the stress fibre unless the dense bodies moved apart until there was no overlapping of the actin filaments. This could account for the occasional observations of banded actin localization (Sanger, 1975c; Gordon, 1978) .
Myosin filaments are shown interdigitating with the actin filaments in the central region between the dense bodies (Fig. 17) . The variation in myosin bands implies that either myosin filaments are longer in some fibres than others or that there is a staggered arrangement of overlapping myosin filaments in the longer bands. Both variations in myosin filament length and overlapping of out-of-register groups of filaments have been reported in invertebrate muscle (Franzini-Armstrong, 1970 ). The immunoelectron-microscopic studies of Langanger et al. (1986) clearly show that the arrangement of myosin filaments in stress fibres is bipolar as it is in muscle (see review by Huxley, 1983). Thus stress fibre organization is compatible with an actin-myosin sliding analogous to that in muscle.
Although the actin filaments are illustrated as having a uniform length in the epithelial cells (0-6 jum) and fibroblasts (1-0/irn), the filaments could vary in length as has been reported in a few muscles (Robinson & Winegrad, 1979) . As was stated above for tropomyosin staining it is unlikely that the pointed ends of the tropo myosin-coated actin filaments extend beyond the dense bodies. In contrast to the capped ends of striated muscle actin filaments, the pointed end of the stress fibre actin filament may be uncapped (Sanger et al. 1984a,b) . Ultimately we still have no idea why the sarcomeric units in epithelial and fibroblastic cells are different in their dimensions. The answer to this question should also yield insight into a similar phenomenon in invertebrate muscles where sarcomeric units have ranged from 0-9 jUm to 30 ,um, thin filaments from 0-5 /im to 15 /im and thick filaments from 0-6 fim to 25 fim (Chapman et al. 1962; Sanger & McCann, 1968; Del Castillo et al. 1972) .
The ability to visualize stress fibre structure in living microinjected cells provides the potential for asking: do periodicities along a stress fibre change with time? Do stress fibres change their distribution inside cells? How are stress fibres assembled and disassembled during the cell cycle in response to agents that affect cell movement or shape? Figs 18-20 illustrate the changing distribution of alpha-actinin in a motile chick cardiac fibroblast that was photographed at 5-min intervals. During this time the cell formed lamellipodia in one direction and retracted a tail that extended in the opposite direction. The accompanying rearrangement of alpha-actinin occurs as an increase in attachment plaques at the base of the lamellipodia (Fig. 19, arrows) just before tail retraction, followed by the formation of a large aggregate of protein at the site where the tail retracted into the cell body (Fig. 20, arrow) . In a study of tail retraction in chick embryo fibroblasts, Chen (1981) showed that there was an increased concentration of microfilaments at the retraction site. It will be of interest to see if other injected cells that undergo tail retraction also form additional attachment plaques shortly before retraction.
When stress fibres in the injected cells are observed at 5-min intervals, few changes in periodicities are evident in the fibres. Small changes occur, however, in at least a few fibres as shown in Figs 21 and 22, in which a cardiac fibroblast was photographed twice in 5 min. In this cell, these alpha-actinin bands moved apart in a stress fibre adjacent to the leading edge of the cell (top three arrowheads in Figs 21, 22) . In another stress fibre, two bands moved closer together (two arrowheads, Figs 21, 22) as if contraction had occurred. The remainder of the resolvable stress fibre bands appeared unchanged.
Polygonal networks
Polygonal networks or nets have been observed on the dorsal surface in a wide variety of fibroblastic and epithelial cells in tissue culture (Lazarides, 1976; Rathke et al. 1979) . Fig. 23 illustrates the dorsal edge of a chick cardiac epithelial cell with a small portion of a polygonal network. The circular dense foci of the network are connected to one another via bundles of microfilaments. Immunofluorescence work has demonstrated that the foci stain positively for alpha-actinin, actin and filamin, but negatively for tropomyosin and myosin (Lazarides, 1976; Rathke et al. 1979) . Rathke et al. (1979) 
demonstrated that the microfilament bundles interconnecting
Figs 18-20. Cardiac fibroblast injected with alpha-actinin-LR and photographed at S-min intervals. X 1100. Fig. 18 . Lamellipodia at one end of the cell with a tail extending out of the field at the opposite end of the cell. Fig. 19 . The changing shape of the lamellipodia 5min later, an increased number of attachment plaques at the base of the lamellipodia (arrowheads), and an increased concentration of alpha-actinin in the region from which the tail extends (arrow). Fig. 20 . The fibroblast 5min later with complete tail retraction and a large aggregate of alpha-actinin (arrow) at the point where the tail retracted into the cell body. the foci are like stress fibres in their periodic antibody staining for myosin, alphaactinin and tropomyosin. In fact, the fibres connecting foci of fibroblastic cells (Fig. 24) have the long periodicity characteristic of the stress fibres of those cells, whereas foci of epithelial cells (Fig. 25) are joined by fibres with short periodicity.
The activity of foci can be followed in cells injected with filamin-IAR, a protein that is co-localized with alpha-actinin in non-muscle cells (Rathke et al. 1979) . 3T3 cells, a fibroblastic line, readily incorporate injected filamin into foci and stress fibres (Fig. 26) . Twenty minutes later, the foci in the same cell (Fig. 27) have shifted in position with some adjacent foci moving closer to one another (Figs 26, 27, arrow heads) and others moving apart (Figs 26, 27, arrows) .
Foci are also apparent in gerbil fibroma cells injected with alpha-actinin-LR (Figs 28-31) . In this cell, also, rearrangements in foci occur within minutes. A cluster of foci (Fig. 28, arrow) transforms in 20min into smaller bands of alphaactinin, some of which are aligned into small stress fibres (Fig. 31, arrow) . Two foci (Fig. 28 , arrowheads) move apart after 5 min (Fig. 29, arrowheads) and after 20min are no longer present (Fig. 31) . Fig. 32 is a diagram indicating the proposed relationship of the foci and the interconnecting bundles. Contraction of the fibres could cause the foci to move closer together or apart from neighbours. The position of filamin is not indicated in this diagram but is reported to be the dense bodies and on the thin filaments (Wang et al. 1975; Langanger et al. 1985 Langanger et al. , 1986 . Langanger et al. (1986) have suggested that filamin may cross-link the actin filaments and prevent movement of the sarcomeric units in the stress fibres. Our results on living cells (24) (25) indicate that the filaments in the sarcomeric units can move by one another. If cross-linking by Fig. 23 . An electron micrograph of a chick cardiac epithelial cell in culture. Note the large circular densities (foci) (arrow) in which actin filaments are embedded. Micro filament bundles interconnect the foci to form a polygonal network. Dense bodies (arrowheads) are observed among the microfilaments. X 26 000. Fig. 28 after 20 min has been transformed into smaller bands of alpha-actinin some of which are aligned into small stress fibres (Fig. 31, arrow) . Two foci (arrowheads) move apart after the first S min (Figs 28, 29, 30 ) and are no longer present after 20min (Fig. 31) . X1600. filamin does occur in stress fibres inside living cells, a regulatory step would be needed before sliding movement could take place. The role of filamin has yet to be determined.
CONCLUSIONS
Immunofluorescence and related techniques developed over the past dozen years revolutionized our knowledge of the structure of the cytoskeleton. Following the lead of those who study motility in living cells (see, e.g., Trinkaus, 1984) these observations are being extended with studies in which antibodies and fluorescently labelled proteins are injected into living cells to probe the relationship between structure and function of cytoskeletal elements (see, e.g., Wang & Taylor, 1979; Wang, 1984 Wang, , 1985 Feramisco, 1979; Kreis et al. 1979; Sanger et al. 1980; Burridge & Feramisco, 1980; Fuerchtbauer et al. 1983) . Advances in video microscopy (Inoué, 1981 ; Allen et al. 1981 ) make possible improved resolution of the dynamic cytoskeletal network in living cells.
Almost exactly 23 years ago, a meeting organized by Professors R. D. Allen and N. Kamiya on 'Primitive Motile Systems in Cell Biology' was held at Princeton. The book edited by Allen & Kamiya (1964) was directed to scientists and students "interested in the movements in and of living cells". Allen & Kamiya wrote in their introduction to the published proceedings: "If it had not been for the invention of the microscope, the study of motility might well have remained restricted to the study of muscular contraction". We would like to paraphrase their statement. If it had not been for the development of low light-level TV cameras, image-processing equipment, and software (see reviews by Inoue, 1981; Allen et al. 1981; Walter & Berns, 1981) , we and others would not be able to follow the dynamic behaviour of fluorescently labelled contractile proteins inside living cells. 
